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Abstract

The phenolic compound p-hydroxybenzoic acid is very common in a great variety of agroin-
dustrial wastewaters (olive oil and table olive industries, distilleries). The objective of this work
was to study the photocatalytic activity of TiO2 towards the decomposition of p-hydroxybenzoic
acid. In order to demonstrate the greater oxidizing power of the photocatalytic system and to
quantify the additional levels of degradation attained, we performed experiments on the oxidation
of p-hydroxybenzoic acid by UV radiation alone and by the TiO2/UV radiation combination. A
kinetic model is applied for the photooxidation by UV radiation and by the TiO2/UV system. Ex-
perimental results indicated that the kinetics for both oxidation processes can be fitted well by a
pseudo-first-order kinetic model. The second oxidation process can be explained in terms of the
Langmuir–Hinshelwood kinetic model. The values of the adsorption equilibrium constant, KpHB,
and the second order kinetic rate constant, kc, were 0.37 ppm−1 and 6.99 ppm min−1, respectively.
Finally, a comparison between the kinetic rate constants for two oxidation systems reveals that the
constants for the TiO2/UV system are clearly greater (between 220–435%) than those obtained in
the direct UV photooxidation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Industries of olive oil extraction, table olive production, and alcohol distillation from
different wine fractions give rise to highly contaminant wastewaters. This is a major envi-
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ronmental problem in Mediterranean countries in general, and particularly in certain areas
of Spain and Portugal where there are many small plants.

Most of these wastewaters pollutant properties have been imputed to phenolic com-
pounds, because of their toxicity [1] and power to inhibit biological treatments [2]. As a
consequence of this situation and the more stringent regulations concerning effluents re-
leased into public rivers and streams, new technologies have been developed to reduce these
refractory contaminants. Among them, chemical oxidations [3,4] are increasingly used for
the reduction of organic contaminants present in a variety of wastewaters from different
industrial plants. However, this decomposition using single treatments may sometimes be
difficult if the pollutants are present at low concentrations or if they are especially refrac-
tory to the oxidants. For such situations, it has been necessary to develop more effective
processes for the destruction of the contaminants.

For example, systems based on the generation of very reactive oxidizing free radicals, es-
pecially hydroxyl radicals, have generated increasing interest due to their high oxidant power
(+2.8 V). These systems are commonly termed Advanced Oxidation Processes (AOPs). The
radicals are produced by combinations of ozone, hydrogen peroxide, UV radiation [5–7]
and photocatalysts [8–11]. These methods can provide almost total degradation as has been
reported by several authors for the decomposition of a wide variety of organic contaminants
[4,12,13].

The objective was to study the decomposition of p-hydroxybenzoic acid in aqueous
solution by UV radiation alone and by the combination titanium dioxide/UV radiation.

2. Experimental section

The experiments were carried out in a 500 ml cylindrical glass jacketed photochemi-
cal reactor, charged with 350 ml of aqueous solution of p-hydroxybenzoic acid (Fig. 1).
The reactor was equipped with an ultraviolet lamp, located axially and held in a quartz
sleeve. The radiation source was a Heraeus TQ-150 medium pressure mercury vapor lamp
which emits polychromatic radiation in the range from 185 to 436 nm. A porous plate was
placed at the reactor bottom below the quartz sleeve to provide some agitation through
bubbling during experiments. In order to carry out all the experiments always under aer-
obic conditions, the dispersion was saturated by bubbling oxygen at atmospheric pres-
sure, before starting the irradiation, during the runs also an oxygen flow rate of 40 l/h
was continuously bubbled into the dispersion. Water from a thermostatic bath was circu-
lated through the reactor jacket to ensure a constant temperature of 20 ± 0.5◦C inside the
reactor.

Two experimental series were carried out to study the photolytic and photocatalytic de-
composition of p-hydroxybenzoic acid. In the direct photolytic series, the variable modified
was the initial organic compound concentration, and in the photocatalytic series was also
modified the photocatalyst concentration. This series was carried out using 0.5 g/l sus-
pensions of TiO2. Aqueous suspensions of TiO2 containing p-hydroxybenzoic acid were
sonicated for 15 min before illumination, to make the TiO2 particle size uniform. During the
experiments, samples were withdrawn regularly from the reactor for analysis. The quantita-
tive determination of p-hydroxybenzoic acid was performed, after separation of the catalyst
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Fig. 1. Experimental photochemical reactor. 1: Medium pressure mercury vapor lamp; 2: quartz sleeve; 3: tem-
perature measuring device; 4: sampling point; 5: cooling water flow inlet; 6: cooling water flow outlet; 7: porous
plate; 8: oxygen flow inlet; 9: oxygen flow outlet.

(if it was necessary) by a 0.45 �m Millipore filter, by HPLC using a Waters chromatograph
equipped with a 996 photodiode array detector and a Nova-Pack C-18 column. Detection
was at 254 nm with a mobile phase composed of a methanol:water:acetic acid mixture
(10:88:2 in volume) at a flow rate of 1 ml/min.

Analytical grade p-hydroxybenzoic acid was obtained from Sigma, titanium dioxide
(Degussa P-25) from Degussa Portugal.

In order to determine the power emitted by the radiation source, several experiments were
carried out with an actinometric system at the same experimental conditions. In this work,
the uranyloxalate actinometry was used, which consists in the photochemical decomposition
of aqueous solutions of oxalic acid in the presence of uranyl salts [14,15]. The power emitted
by the lamp was deduced, its value being 3.30 × 10−5 einstein/s [16].

3. Results and discussion

3.1. Photolytic oxidation by UV radiation

Several experiments of individual p-hydroxybenzoic acid photodecomposition were per-
formed. In this case the oxidizing agent is only the polychromatic UV radiation emitted by
the radiation source described in the experimental section.
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From an observation of the degradation curves of p-hydroxybenzoic acid by UV radia-
tion, it can be deduced that the elimination of the said phenolic acid fulfils the conditions
established for a first-order homogeneous reaction kinetic model. Such a simplified model
has been used previously by various researches for the present system of UV radiation. By
means of the present model one can carry out a simplified kinetic study of the process and
calculate the first-order kinetic rate constants. The objective of its application is to be able
to determine the said reaction rate constants and compare them with those obtained in other
more complex oxidation systems, such as the TiO2/UV combination. Thus, on comparing
the values of the first-order constants obtained in the two processes, one will be able to
compare their efficacy. Applying the above model to the simple photodegradation system,
one obtains the following kinetic Eq. (1):

−d[pHB]

dt
= kUV[pHB] (1)

which integrated from t = 0 to t = t becomes

ln

(
[pHB]0

[pHB]

)
= kUVt (2)

According to this Eq. (2), a plot of the first term against the reaction time should be a straight
line of slope kUV. Photodegradation experiments using UV radiation modifying the initial
p-hydroxybenzoic acid concentration (50, 25, 10, 5 and 2.5 ppm) are showed in Table 1.
It can be seen the conversions achieved in the p-hydroxybenzoic acid degradation at the
reference time of 5 min (X5). The slopes, kUV, clearly increase where the acid concentration
decreases. This fact is attributable to the increase of the number of photons per organic
molecule.

3.2. Photocatalytic oxidation over TiO2

In the oxidation experiments with TiO2, photoexcitation with light of an energy greater
than the TiO2 band gap promotes an electron from the valence band to the conduction
band, and leaves an electronic vacancy or hole (h+) in the valence band. Thus the act of
photoexcitation generates an electron-hole pair

TiO2
hν→TiO2(h

+ + e−) (3)

Table 1
p-Hydroxybenzoic acid conversion (at 5 min) and pseudo-first-order kinetic rate constants in UV experiments with
different initial concentration

Experiment [pHB]0 (ppm) X5 (%) kUV (min−1)

U-1 50 20 0.05
U-2 25 24 0.11
U-3 10 42 0.21
U-4 5 70 0.27
U-5 2.5 72 0.28
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Fig. 2. Evolution of [pHB]/[pHB]0 vs. time for all the experiments where the initial concentration of
p-hydroxybenzoic acid was varied.

In order to achieve chemically productive photocatalysis, electron-hole pair recombination
must be suppressed. This can be achieved by “trapping” these species with the surface
adsorbates. The photo-excited electrons are trapped by molecular oxygen

e− + O2(ads.) → O2
−(ads.) (4)

The principal hole traps are adsorbed water molecules and OH− ions [17,18] producing
OH• radicals

h+ + H2O(ads.) → OH•(ads.) + H+ (5)

h+ + OH− → OH•(ads.) (6)

Fig. 2, shows a plot of [pHB]/[pHB]0 versus time for all the experiments of photocatalytic
decomposition where the initial concentration of p-hydroxybenzoic acid was varied. The
initial p-hydroxybenzoic acid concentration has a pronounced effect on the degradation
rate, at the same illumination time the percentage of p-hydroxybenzoic acid decomposed
is smaller if the initial p-hydroxybenzoic acid concentration is higher (Table 2).

Table 2
p-Hydroxybenzoic acid conversion (at 5 min) and pseudo-first-order kinetic rate constants in photocatalytic ex-
periments with different initial concentration

Experiment TiO2 (ppm) [pHB]0 (ppm) X5 (%) kobs (min−1) 1/kobs (min)

T-1 500 50 21.8 0.13 7.63
T-2 500 25 40.2 0.27 3.65
T-3 500 10 75.1 0.46 2.16
T-4 500 5 97.2 1.16 0.86
T-5 500 2.5 100 1.20 0.82

bunsho
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Fig. 3. Determination of the pseudo-first-order kinetic rate constant, kobs.

Degradation experiments of p-hydroxybenzoic acid by UV radiation in the presence of
TiO2 also exhibited pseudo-first-order kinetics with respect to the concentration of the
organic compound

−d[pHB]

dt
= kobs[pHB] (7)

whose integration gives, for [pHB] = [pHB]0 at t = 0:

ln

(
[pHB]0

[pHB]

)
= kobst (8)

in which [pHB] is the p-hydroxybenzoic acid concentration at time t, [pHB]0 is the p-
hydroxybenzoic acid concentration at initial time, t the reaction time and kobs the pseudo-
first-order rate constant.

Fig. 3, shows a plot of ln([pHB]0/[pHB]) versus time for all the experiments with different
initial concentration of phenolic acid. By applying a least square regression analysis the
values of kobs have been obtained. Table 2 reports the values of kobs for all experiments
carried out. The reaction rate proceeds according to pseudo-first-order kinetics with a kinetic
constant, which decreases as the initial reactant concentration.

On the basis of all the previous considerations, a chemical kinetic model is proposed, able
to explain the experimental results. The rate determining step of the catalysed reaction is
considered to be the reaction between OH• radicals and organic molecules over the catalyst
surface.

It is well known that the titania surface possesses both acidic and basic sites. The acidic
sites are associated with coordinatively unsaturated surface metal ions while the latter are
associated with surface anions or anion vacancies. Two different types of surface sites are
hypothesised to be involved in the adsorption processes of the reacting species. The first
are able to adsorb p-hydroxybenzoic molecules and their degradation products. The second
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are able to adsorb oxygen. In this hypothesis the reaction rate for second order surface de-
composition of p-hydroxybenzoic acid may be written in terms of Langmuir–Hinshelwood
kinetics as:

r = k′′ΘOHΘpHB (9)

in which k′′ is the surface second order rate constant, ΘOH the fractional site coverage by
hydroxyl radicals and ΘpHB the fraction of sites covered by p-hydroxybenzoic acid. These
two last variables can be written in the following way:

ΘOH = KO2PO2

1 + KO2PO2

(10)

ΘpHB = KpHB[pHB]

1 + KpHB[pHB] + ∑
iKi[Ii]

(11)

in which Ko2 , KpHB and Ki are equilibrium adsorption constants and ’I’ refers to the various
intermediate products of p-hydroxybenzoic acid degradation. Eq. (11) contains several
unknown factors, but can be modified by making the following assumption:

KpHB[pHB] +
∑

i

Ki[Ii] = KpHB[pHB]0 (12)

where [pHB]0 is the initial concentration of p-hydroxybenzoic acid. The assumption is that
the adsorption coefficients for all organic molecules present in the reacting mixture are
effectively equal. Substitution of Eq. (12) into Eq. (11) produces the expression

r = k′′ KO2PO2

1 + KO2PO2

KpHB[pHB]

1 + KpHB[pHB]0
(13)

Owing to the fact that the oxygen partial pressure remained constant for all the photocatalytic
runs, the fractional site coverage by hydroxyl radicals was also constant

k′′ KO2PO2

1 + KO2PO2

= constant = kc (14)

Eq. (13) can therefore be written as:

r = kc
KpHB[pHB]

1 + KpHB[pHB]0
= kobs[pHB] (15)

that is a first-order kinetic equation with respect to organic concentration. The relationship
between kobs and [pHB]0 can be expressed as a linear Eq. (16).

1

kobs
= 1

kcKpHB
+ [pHB]0

kc
(16)

The data reported in Table 2 are plotted in Fig. 4 as 1/kobs versus [pHB]0. By means of
a least square best fitting procedure, the values of the adsorption equilibrium constant,
KpHB, and the second order rate constant, kc. The values were KpHB = 0.37 ppm−1 and
kc = 6.99 ppm min−1.
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Fig. 4. Determination of the adsorption equilibrium constant, KpHB, and the second order rate constant, kc for the
Langmuir–Hinshelwood kinetic model

Fig. 5, shows a comparison between the kinetic rate constants for two oxidation systems.
As can be seen, the values of the constants for the TiO2/UV system are clearly greater than
those obtained in the direct UV photooxidation. The difference clearly increase where the
phenolic acid concentration decreases. This fact is attributable to the major catalytic effect
because the increase of the relationship active sites per organic molecule.

Fig. 5. Comparison between the pseudo-first-order kinetic rate constants for UV radiation and TiO2/UV radiation
processes.

bunsho
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4. Conclusions

The effectiveness of the photocatalytic process using TiO2 in the degradation of p-
hydroxybenzoic acid has been demonstrated and the kinetics of reaction has been deter-
mined. The experimental results indicated that the kinetics for both oxidation processes,
UV radiation and TiO2/UV radiation, fit well a pseudo-first-order kinetic model. The pho-
tocatalytic degradation process of p-hydroxybenzoic acid can be explained in terms of
the Langmuir–Hinshelwood kinetic model. Experiments using various concentrations of
p-hydroxybenzoic acid showed that the more diluted the initial solution, the faster is the
p-hydroxybenzoic acid degradation. This fact is attributable to the increase of the relation-
ship active sites per organic molecule. The values of the adsorption equilibrium constant,
KpHB, and the second order rate constant, kc, were 0.37 ppm−1 and 6.99 ppm min−1, re-
spectively.

Finally, a comparison between the kinetic rate constants for two oxidation systems reveals
that the constants for the TiO2/UV system are clearly greater (between 220–435%) than
those obtained in the direct UV photooxidation.
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External and internal mass transfer effect
on photocatalytic degradation
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Abstract

A rational approach is proposed in determining the effect of internal and external mass transfer, and catalyst layer thick-
ness during photocatalytic degradation. The reaction occurs at the liquid–catalyst interface and therefore, when the catalyst
is immobilized, both external and internal mass transfer plays significant roles in overall photocatalytic processes. Several
model parameters, namely, external mass transfer coefficient, dynamic adsorption equilibrium constant, adsorption rate con-
stant, internal mass transfer coefficient, and effective diffusivity were determined either experimentally or by fitting realistic
models to experimental results using benzoic acid as a model component. The effect of the internal mass transfer on the
photocatalytic degradation rate over different catalyst layer thickness under two different illuminating configurations was
analyzed theoretically and later experimentally verified. It was observed that an optimal catalyst layer thickness exists for SC
(substrate-to-catalyst) illumination. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Photocatalysis; Mass transfer; Catalyst layer thickness; TiO2; Water purification; Kinetic study

1. Introduction

Semiconductor photocatalytic processes have been
studied for nearly 20 years due to their intriguing
advantages in environmental remediation. Among the
semiconductor photocatalysts tested, Degussa P25
TiO2 has been proven to be the most active catalyst.
TiO2 catalyst has been used in two forms: suspended
in aqueous solutions in the form of slurry, and immo-
bilized onto rigid inert supports. In the former case,
a high ratio of illuminated surface of catalyst to the
effective reactor volume can be achieved for small
well-designed photocatalytic reactor [1] and almost
no mass transfer limitation exists since the maximum
diffusional distance is very small resulting from the
use of ultra-fine (<30 nm) catalyst particles [2]. How-

∗ Corresponding author. Tel.: +65-874-8049; fax: +65-779-1936.
E-mail address: cheakr@nus.edu.sg (A.K. Ray).

ever, in large-scale applications, the catalyst particles
must be filtered prior to the discharge of the treated
water, even though TiO2 is harmless to environment.
Besides, the penetration depth of UV light is limited
due to the strong absorption by TiO2 and dissolved
organic species. All these disadvantages render the
scale-up of a slurry photocatalytic reactor difficult
[3,4].

Above problems can be eliminated by immobilizing
TiO2 catalyst over suitable supports [5]. Design and
development of immobilized thin catalyst film makes
it possible for commercial-scale applications of TiO2
based photocatalytic processes for water treatment
[6,7]. The designs are more likely to be useful in
commercial applications as it provides at least three
important advantages. Firstly, it eliminates the need
for separation of catalyst particles from treated liq-
uid and enables the contaminated water to be treated
continuously. Secondly, the catalyst film is porous,

0920-5861/01/$ – see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Schematic diagram of the kinetic reactor.

reaction samples was analyzed by a HPLC (Perkin
Elmer LC240). Aliquots of 20 �l were injected onto a
reverse-phase C-18 column (Chrompack), and eluted
with the mixture of acetonitrile (60%) and ultrapure
water (40%) at a total flow rate of 1.5 ml/min. Ab-
sorbance at 229 nm was used to measure the concen-
tration of above compounds by a UV/VIS detector
(Perkin Elmer 785A). All water samples were filtered
by Millex–HA filter (Millipore, 0.45 �m) before anal-
yses. The light intensity was measured by a digital
radiometer (UVP model number UVX-36).

In this study, circular Pyrex glass (thickness
0.0032 m) was used as catalyst support. Varied thick-
ness of catalyst film was obtained by controlling the
speed of coating and number of times coated using an
automated dip-coating apparatus [6]. Subsequently,
the coated glass plate was calcined in a furnace. The
influence of calcination temperature on reactivity of
immobilized catalyst layer was reported in one of our
earlier paper [11]. The optimal calcination tempera-
ture found out was around 573 K. The total mass of
catalyst deposited per unit area was determined by
weighing the glass plate before and after the catalyst
coating. Subsequently, catalyst layer thickness was
calculated based on the density of the catalyst parti-
cles and layer porosity. Surface texture measurement
of the coated catalyst layer by Taylor–Hobson indi-
cated that catalyst particles were uniformly distributed

on the entire glass plate. Scanning electron micro-
graph pictures illustrating the surface morphology of
a roughened (sand blasted) glass plate with no cat-
alyst, and TiO2 films containing 5.0 × 10−4 kg/m2

(thin film) and 3.0 × 10−3 kg/m2 (thick film) has
been published elsewhere [1]. The coated catalyst
was observed to be stable for a wide range of pH.
The TiO2 immobilized in this way was found to
be photocatalytically active, capable of decompos-
ing a variety of organic substances including phe-
nol, 4-chlorophenol, 4-nitrophenol and benzoic acid
[2,11].

3. Results and discussions

Experiments were performed to study the photo-
catalytic degradation rate when catalyst was immo-
bilized either on the bottom plate or on the top plate.
In the latter case, light intensity on the catalyst sur-
face is considerably reduced, as it travels through
the absorbing liquid medium. The two circumstances
can be depicted as SC (substrate–catalyst) and LC
(liquid–catalyst) illumination [1]. Fig. 2(a) and (b)
represent the cases in which the catalyst-coated glass
plate is placed at the top (LC illumination) or at the
bottom (SC illumination) respectively for the photo-
catalytic reactor used in this work.
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Fig. 2. Schematic diagram of the profiles of concentration and UV
light intensity in TiO2 immobilized system. (a) LC illumination
and (b) SC illumination.

In the photocatalytic reaction over immobilized cat-
alyst, both internal and external mass transfer must
be considered. The relationship among the observed
degradation rate, the external and internal mass trans-
fer rates and the intrinsic kinetic reaction rate are given
by the following expression:[

1

kobs

]
=

[
1

krxn

]
+

[
1

km,int

]
+

[
1

km,ext

]
(1)

In determining the intrinsic kinetic parameters,
it is essential to estimate the external mass transfer

resistance. At steady state, the mass transfer rate to
the catalyst surface, rm,ext, must be equal to the sur-
face catalyzed reaction rate, rrxn: km,ext(Cb − Cs) =
krxn f (Cs), where f (Cs) represents the concentration
dependence of the surface catalyzed reaction rate.
The external mass transfer coefficient was determined
experimentally by measuring the dissolution rate of
benzoic acid into water flowing at different flow rates.
The result is shown as a function of Reynolds number
in Fig. 3 together with the best least square fit, which
is correlated by km,ext(in m/s) = 3.49 × 10−7 Re0.77.

The internal mass transfer resistance results from
the diffusion of organic molecules within the porous
catalyst thin film. Influence of the internal mass trans-
fer can be stipulated by the magnitude of Thiele mod-
ulus. Assuming the thin catalyst film as a porous slab,
the Thiele modulus is defined as: φH = H [kv/De]1/2,
for the first order reaction. kv can be determined ex-
perimentally by kinetic study at high circulating flow
rate over a monolayer of catalyst film. Evidently, ef-
fective diffusivity dominates the internal mass transfer
process. However, no literature value of effective dif-
fusivity has been reported for organic compounds in
porous TiO2 film. Hence, in this study, the effective
diffusivity was determined experimentally. In order
to obtain the effective diffusivity, adsorption rate
constant, K, need to be first determined by perform-
ing the dynamic physical adsorption experiments.
The thinnest catalyst film (about 0.63 �m) was used
so that the internal mass transfer resistance can be
assumed to be negligible. The physical adsorption
(dark reaction) process of benzoic acid over a thin
TiO2 catalyst film can be described by the following
equations:

v

[
dCb

dt

]
= −km,extA(Cb − Cs), at t = 0, Cb = C0 (2)

dq

dt
= K

[
kaqsCs

(1 + kaCs)
− q

]
, at t = 0, q = 0 (3)

v(C0 − Cb) = mq (4)

Rearranging Eqs. (2)–(4) with the assumption that
kaCs � 1 at low pollutant concentration, the varia-
tion of the bulk concentration of benzoic acid with the
adsorption time is
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Fig. 8. Experimental determination of kf for LC illumination (a = 0.89, α = 6.3 × 105 m−1, De = 1.0 × 10−10 m2/s, A = 0.002 m2,
T = 303 K, v = 1.45 × 10−4 m3 and Re = 427).

Fig. 9. Experimental determination of kf for SC illumination (a = 0.89, α = 6.3 × 105 m−1, De = 1.0 × 10−10 m2/s, A = 0.002 m2,
T = 303 K, v = 1.45 × 10−4 m3 and Re = 427).
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Abstract

The photocatalytic degradation of formic acid in suspended and immobilized systems, with and without oxygen addition,
are compared. In the immobilized system, oxygen addition to the reactor appeared to increase the efficiency, not only because
oxygen acts as an efficient electron scavenger, but also due to increased mass transfer in this two-phase reactor. This immobi-
lized system had an efficiency comparable to that of the suspended system. The addition of oxygen to the immobilized system
appeared to increase the quantum yield with a factor 4, whereas the addition of oxygen to the suspended system hardly had
any effect. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Photocatalysis; Water purification; Quantum yield

1. Introduction

The purification of wastewater from toxic sub-
stances has become a major concern. Quality criteria
for both surface water and drinking water tend to
become more and more severe with time. In order to
cope with these growing demands, new water purifi-
cation methods are investigated [1,2]. Heterogeneous
photocatalysis appears to be a promising novel tech-
nique. In this advanced oxidation process almost any
organic contaminant can be completely degraded to
carbon dioxide, water and mineral acids [3]. This
complete destruction of the contaminants is a major
advantage of heterogeneous photocatalysis, because
no polluted phase remains after the purification as
opposed to phase transfer methods (e.g. air stripping,
adsorption on activated carbon) [4].

∗ Corresponding author.
E-mail address: m.f.j.dijkstra@chem.rug.nl (M.F.J. Dijkstra).

Advanced oxidation processes involve strongly oxi-
dizing hydroxyl radicals, which degrade the pollutants.
In heterogeneous photocatalysis, hydroxyl radicals are
also assumed to be the reactive species [2,5]. The cata-
lyst in this process is a semiconductor (mostly titanium
dioxide) which is activated with near UV light. When
a photon with an energy equal to or exceeding the
band gap energy of the semiconductor (hυ ≥ Egap)

reaches the surface, an electron (e−
cb) is promoted from

the valence band to the conduction band. At the va-
lence edge an electronic vacancy or hole (h+

vb) is cre-
ated. Both energy carriers can participate in various
reactions: the holes and electrons can recombine and
the energy will be lost as heat; they can get trapped in
metastable surface states; and they can migrate to the
surface of the semiconductor and participate in redox
reactions with electron donors and electron acceptors
adsorbed at the surface [2,6].

To prevent the electron–hole recombination, a suit-
able scavenger or surface defect state must be avail-
able to trap the electron or hole. Howe and Grätzel

0920-5861/01/$ – see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Fig. 1. Scheme of experimental set-up.

transfer characteristics and the quantum yield. From
the results, conclusions for the development of an
optimal reactor design will be drawn.

2. Experimental methods

2.1. Equipment

The experiments with suspended and the immo-
bilized catalysts were performed in the same reactor
to be able to compare the performances accurately.
The reactor is a 124 × 10−6 m3 double wall tubular
reactor of borosilicate glass, see Fig. 1. The liquid
was fed tangentially into the reactor and baffles were
present in the reactor to reduce possible mass transfer
limitations. The experiments were performed in a re-
circulating batch system consisting of a pump, cooling
device, reactor vessel and a supply vessel. Cooling
was provided by a Tamson 1000 thermostatic bath.
In the inner tube a Philips TL29D15/09 (Cleo 15 W)
UV-A lamp was placed. The total UV-A radiation
was 1.8 W and the lamp had a wavelength spectrum
of 300–410 nm with a maximum at 355 nm. The light
intensity entering the reactor was determined by pota-
ssium ferrioxalate actinometry as described elsewhere
[10].

In the immobilized system the catalyst was coated
onto the outer wall of the inner tube by dipcoating (see
below). Air was supplied through a glass mesh at the
bottom of the reactor (Fig. 1), or through a sparger in

the supply vessel. The total volume of the system was
650 × 10−6 m3.

A Verder gear pump V540.05 was used for liq-
uid circulation. In contrast, a Watson–Marlow 604U/R
pump was used in the suspended system. Here, the to-
tal volume was 500×10−6 or 650×10−6 m3. Air was
supplied by a sparger present in the supply vessel.

2.2. Chemical substances

Degussa P-25 titanium dioxide was used as pho-
tocatalyst without further pretreatment. It has a BET
surface of 55 m2 g−1 and a particles size of 30 nm,
which form agglomerates of 0.1–0.3 �m. Purified wa-
ter (Millipore Milli-Q) was used to make the formic
acid (reagent grade, Merck, 98–100%) solutions.
Preliminary tests revealed that formic acid was not
degraded by UV-A light alone. Only in the presence
of both titanium dioxide and UV-A light, a rapid
decrease in concentration was observed.

2.3. Analysis

Formic acid was analyzed off-line with capillary
electrophoresis. A deactivated uncoated fused silica
capillary with an internal diameter of 0.75 �m was
used. The electrolytic solution was 4.6 mM chromate
and 0.46 mM OFM-Anion-BT in Milli-Q water, where
the pH was adjusted to 8 with sulfuric acid. Before
use the electrolytic solution was vacuum filtrated over
a 0.45 �m nylon filter for 10 min to remove air bub-
bles. Oxygen was analyzed on-line with an INGOLD
oxygen electrode.

2.4. Catalyst immobilization

The catalyst was adhered onto the glass tube by
dipcoating. The glass tube was thoroughly cleaned by
ultrasonic rinsing with ethanol, dichloromethane, a
mixture of NH3/H2O2/H2O (1:1:5 v/v) and a mixture
of HCl/H2O (1:6 v/v). Between the different steps,
the glass was thoroughly rinsed with Milli-Q water
and afterwards dried for 1 h at 393 K. A 5% (w/w)
suspension of titanium dioxide in water was prepared
with Milli-Q water and ultrasonic mixing for 1 h. The
glass tubes were dipped in the solution at a constant
velocity of 1.3×10−3 m s−1 with a dipcoating appara-
tus as described elsewhere [11]. Between the dips the
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layer was dried at room temperature for 10 min. The
tubes with the immobilized catalyst were annealed by
raising the temperature gradually with 3◦ per minute
to avoid cracking of the layer, to a maximum tem-
perature of 573 K at which it remained for 3 h. After
this period the temperature was decreased with 5◦
per minute to room temperature. The total amount of
catalyst on the tube was determined gravimetrically
and varied from 0 to 3.6 g m−2.

2.5. Experimental procedure

Prior to each experiment, the lamps were preheated
for 30 min to obtain a constant light intensity. Before
a tube with titanium dioxide was used for the first
time, it was rinsed with Milli-Q water with the lamp
turned on for 15 h to make sure that no pollutants were
present on the catalyst surface. In the experiments
with the suspended system, the titanium dioxide was
ultrasonically suspended in Milli-Q water for 30 min
just before the start of an experiment. Experiments
with variable amounts of catalyst, various initial acid
and oxygen concentrations and flows were performed.
The temperature of the cooling water was 293 K and
the Reynolds number, defined as ρνd/η, in the sys-
tem varied between 720 and 2400 corresponding to
flows of 35 − 117 × 10−6 m3 s−1 (ρ is the density
(kg m−3), v the velocity in the reactor (m s−1), d the
hydraulic diameter (m) (defined as diameter of outer
tube minus diameter of inner tube) and η the viscosity
(Pa s)). The air flow in the immobilized system was
2.5 × 10−5 m3 s−1.

3. Results and discussion

3.1. Suspended system

With the suspended system it is important that all
the catalyst reaches the illuminated zone in the reactor.
Since, the penetration depth of the light in the fluid is
small, the flow rate should be high enough to guaran-
tee the necessary degree of mixing of the fluid in the
reactor. Preliminary measurements with variable flow
rates in the suspended system showed that the degra-
dation of formic acid was independent of the flow rate,
indicating that the catalyst could reach the illuminated
zone in the reactor.

Fig. 2. The influence of oxygen addition on the degradation
rate in the suspended catalyst system. [TiO2] = 500 g m−3,
Vtot = 650 × 10−6 m3, Re = 1440, T = 293 K.

The addition of oxygen had hardly any effect in the
suspended system, see Fig. 2. The concentration of
oxygen decreased to 60% of the maximum saturated
concentration (Cmax = 9 g m−3) in case of no oxygen
addition whereas the concentration decreased 2% with
oxygen added to the system. From these results it can
be concluded that oxygen is not deficient at the sur-
face. Extra addition of oxygen does not increase the
reaction rate by decreasing the recombination rate of
the electrons and holes in the semiconductor. A pos-
sible explanation for the slight decrease in activity is
that the catalyst is less efficiently illuminated due to
bubbles in the suspension.

3.2. Modeling of the suspended system

In photocatalysis the degradation of pollutants
is often described with the Langmuir–Hinshelwood
kinetics [5]. For the recirculating batch system the
mass balance of formic acid can then be written
as

−dC

dt
= krKadsC

1 + KadsC

Vreac

Vtot
(1)

where C is the concentration of formic acid (g m−3),
t the reaction time (s), kr the reaction rate constant
(g m−3 s−1), Kads the Langmuir–Hinshelwood adsorp-
tion constant (m3 g−1), Vreac the volume of the reactor
(m3) and Vtot the total liquid volume in the recirculat-
ing batch system (m3). Two asymptotic situations can
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Fig. 3. The degradation of formic acid in the suspended catalyst
system for various initial concentrations. Lines: pseudo 0th order
model. [TiO2] = 250 g m−3, Vtot = 500 × 10−6 m3, Re = 1030,
T = 293 K, no addition of oxygen.

be identified:

−dC

dt
= krKadsC

Vreac

Vtot

= k1C
Vreac

Vtot
for 1 � KadsC (pseudo 1st order)

(2)

−dC

dt
= kr

Vreac

Vtot

= k0
Vreac

Vtot
for 1 	 KadsC (pseudo 0th order)

(3)

The degradation of formic acid was measured
for various suspended catalyst concentrations
(500–2000 g m−3). The degradation rate in the sus-
pended system appeared to be successfully described
by the pseudo 0th order model over a large concen-
tration range, see Fig. 3. Slight deviation from the
model for low concentration levels were observed
which can be expected since then KadsC is probably
no longer much larger than 1. The parity plot shown
in Fig. 4 illustrates the ability of the pseudo 0th order
model to describe the data obtained with the various
catalyst concentrations applied.

The reaction rate constant shows a small in-
crease with increasing catalyst loading from 0.5 to
2 × 103 g m−3, and seems to reach the maximum
value for 2 × 103 g m−3 as has also been found by
Aguado et al. [12], see Fig. 5.

Fig. 4. Parity plot of the degradation in the suspended cat-
alyst system, modeled with the pseudo 0th order model.
Concentrations of TiO2: (�) 250 g m−3, (�) 500 g m−3, (�)
1000 g m−3, (�) 2000 g m−3. Initial concentrations formic acid
range: 50–400 g m−3.

3.3. Immobilized system

Immobilized systems often suffer from mass trans-
fer limitation [8,9]. From experiments with variable
flow rates, it was observed that the degradation rate of
formic acid both with and without oxygen addition in-
creased with increasing flow rate, indicating the pres-
ence of mass transfer limitation in our system as well,
see Fig. 6. The shape of the curves shows that in this
system the experiments cannot be described with the
pseudo 0th order model. Due to the mass transfer lim-
itation the surface concentration will be much lower,

Fig. 5. Pseudo 0th order reaction rate constants with 95% confi-
dence intervals.

bunsho
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Fig. 6. The influence of the water flow rate on the degradation
rate in the immobilized catalyst system with indirect oxygen ad-
dition in the reactor (one-phase in reactor). Wcat = 3.6 g m−2,
Vtot = 650 × 10−6 m3, T = 293 K.

causing the value of KadsC to be no longer much larger
than 1. Therefore, the Langmuir–Hinshelwood kinetic
model will describe these measurements as has also
been found by Matthews [13] for the degradation of
formic acid in an immobilized system.

Oxygen has a positive effect on the degradation
rate in the immobilized catalyst system (Fig. 7). Oxy-

Fig. 7. The performance of the different systems: (�) suspended
catalyst system: [TiO2] = 2000 gm−3, Vtot = 500 × 10−6 m3,
Re = 1030, T = 293 K, no addition of oxygen. (×) Im-
mobilized system, addition of oxygen, two-phases in reactor:
Wcat = 3.6 g m−2, Vtot = 650 × 10−6 m3, Re = 2400, T = 293 K.
(�) Immobilized catalyst system, addition of oxygen, one-phase
in reactor: Wcat = 3.6 g m−2, Vtot = 650 × 10−6 m3, Re = 2400,
T = 293 K. (�) Immobilized catalyst system, no addition of
oxygen: Wcat = 2.74 g m−2, Vtot = 285 × 10−6 m3, Re = 1030,
T = 293 K.

Fig. 8. The influence of the amount of catalyst on the initial
degradation rate in the immobilized catalyst system, one-phase
in reactor. C0 = 100 g m−3, Vtot = 650 × 10−6 m3, Re = 1440,
T = 293 K.

gen acts as an electron scavenger, thus decreasing the
recombination rate in the semiconductor [14]. The
degradation rate in the system with oxygen bubbling
through the reactor via a glass sieve (two-phases in
reactor) is faster relative to that in the system with
oxygen addition through a sparger in the supply ves-
sel (one-phase in the reactor), see Fig. 7. Since the
oxygen concentration remained the same during the
experiments this difference appears to be caused by
an increase of the mass transfer rate in the two-phase
system. The mass transfer coefficient, kl, is increased
due to higher turbulence caused by the two-phase flow
along the catalyst surface.

With increasing amounts of catalyst coated on the
tube the initial reaction rate increases until a maximum
value is reached, see Fig. 8. This can be explained
by an increased amount of light absorbed by the cata-
lyst layer with an increasing layer thickness, until all
the light falling on the catalyst will be absorbed and
the maximum activity is reached. Also, mass transfer
phenomena will influence the dependence of the reac-
tion rate on the amount of catalyst, since mass trans-
fer limitations will be more severe for higher reaction
rates.

3.4. Suspended versus immobilized

For optimal comparison, the quantum yield, Φ, has
been determined for the experiments depicted in Fig. 7.
The quantum yield used here is defined as [2]

bunsho
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Table 1
Quantum yields of different systemsa

Slurry 2 × 103g m−3 Immobilized without
O2 addition

Immobilized O2 addition
one-phase in reactor

Immobilized O2 addition
two-phases in reactor

Specific area (m2 m−3)b 10300 177c 177c 177c

Quantum yield (–) 0.28 0.063 0.22 0.28

a Quantum yields of experiments depicted in Fig. 7.
b asus = 6CTiO2 /ρTiO2 dp with CTiO2 is concentration catalyst (g m−3), ρTiO2 is the density of titanium dioxide (g m−3) and dp is the

diameter of the catalyst agglomerates (m). aimm = Acat/Vreac with Acat is the external catalyst area (m2) [11].
c This value is actually higher, since the layer is porous.

Φ = (dC0/dt)Vtot

I0
(4)

where dC0/dt is the initial degradation rate (mol
m−3 s−1) and I0 the amount of photons entering the
reactor (Einstein s−1). I0 is equal for all three sys-
tems, because the same reactor and lamp were used.
The value for I0 was determined with actinometry as
4 × 10−6 Einstein s−1.

In the two-phase system Φ is four times as high
as that in the immobilized system without oxygen
addition, see Table 1. In the suspended system Φ is
comparable with that in the two-phase system, which
is remarkable since the specific area is much larger
in the suspended system. Due to the difference in ki-
netics (pseudo 0th order in suspended system versus
Langmuir–Hinshelwood kinetics in immobilized sys-
tem), the quantum yield in the immobilized system
will decrease with initial concentration (dC0/dt de-
creases), whereas in the suspended system it remains
constant. The values for the quantum yield are com-
parable to values found for the degradation of formic
acid by Sczechowski et al. [15].

Since, the quantum yield of the two-phase immo-
bilized system is comparable to that of the suspended
system and a costly separation step is necessary in the
suspended system, an optimal reactor design for pho-
tocatalytic water purification will be an immobilized
system optimized with respect to catalyst layer thick-
ness, light intensity, specific area and mass transfer.

4. Conclusions

Formic acid can be easily degraded with hetero-
geneous photocatalysis. The degradation experiments
in the suspended catalyst system can be very well

modeled with the pseudo 0th order model. The activ-
ity of the suspended system reaches a maximum for
2 × 103 g m−3. The addition of oxygen hardly affects
the activity of the suspended system. The degradation
experiments in the immobilized system show that mass
transfer limitation occurs. Comparing the immobilized
systems with and without oxygen addition, the system
in which oxygen is introduced through a glass sieve in
the bottom of the reactor appears to be more efficient,
not only because oxygen acts as an efficient electron
scavenger, but also due to increased mass transfer in
this two-phase reactor. This immobilized system has a
quantum yield which is comparable to that of the sus-
pended system. Since the suspended system has the
disadvantage of an expensive downstream separation
step, it seems attractive to focus on the development
of two-phase immobilized systems with maximum im-
mobilized surface area per unit reactor volume and
optimal light intensity and catalyst layer thickness.
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